A new method of recording from the giant fiber of Drosophila melanogaster shows that the 2 strength of its auditory inputs remains constant with age. Abstract 15 There have been relatively few studies of how central synapses age in adult Drosophila 16 melanogaster. In this study we investigate the aging of the synaptic inputs to the Giant Fiber 17 (GF) from the Johnston's Organ neurons (JONs). In previously published experiments an 18 indirect assay of this synaptic connection was used; here we describe a new, more direct assay, 19 which allows reliable detection of the GF action potential in the neck connective, and long term 20 recording of its responses to sound. Genetic ablation using diphtheria toxin expressed in the GF 21 with R68A06-GAL4 was used to show that these signals indeed arose from the GF and not from 22 other descending neurons. As before, the sound-evoked action potentials (SEPs) in the 23 antennal nerve were recorded via an electrode inserted at the base of the antenna. We then 24 used this technique to quantify the response of the JONs to a high frequency sound pulse, and 25 also the strength of the JON-GF synapse, in males and female of different ages. At no age was 26 there any significant difference between males and females, for any of the parameters 27 measured. Sensitivity of the JONs increased between 1 d and 10 d, with the sound intensity that 28 elicited a half-maximal SEP decreasing by 40%. This measure almost doubled by 20 d and had 29 increased 3-fold by 50 d compared to 10 d. Thus, JONs are most responsive around the period 30 when most matings are taking place. The strength of the JON-GF synaptic connection itself was 31 quite variable and did not change significantly with age. As a result, the GF's sensitivity to sound 32 approximately followed the JONs' sensitivity, but with greater variability. lobular neurons). It also forms gap junctions with the giant commissural interneurons 59 (GCI). The GF axon descends to the thoracic ganglion where it forms electrical and 60 chemical synapses with the tergotrochanteral motorneuron (TTMn) of the TTM jump 61 muscle, and the peripherally-synapsing interneuron (PSI) which innervates the dorsal 62 longitudinal motorneurons (DLMn) of the DLM indirect flight muscles. (B) Wiring diagram 63 of the system. Chemical synapses are denoted by triangles, colored to represent the 64 transmitter where it is known. Electrical synapses are denoted by double bars, colored to 65 represent which Innexin is involved, with arrows indicating putative rectifying or non-66 rectifying junctions. 67 68 69 These same Drosophila auditory neurons have at least one additional role, which is 70 detection of the mating "love song" [32-34]. The relative importance of these potentially 71 conflicting functions (rapid escape versus song perception) may change as the animal matures, 72
Introduction 34
Changes in synaptic connectivity that occur with normal aging, rather than neurological 35 disease, have been a focus of research for decades [1] [2] [3] [4] [5] [6] [7] [8] [9] . Even in "simple" model organisms, 36 such as Drosophila melanogaster, changes in neuromuscular synaptic structure and function 37 have been seen with aging [10] [11] [12] . Central synaptic circuits in the fly have been less well 38 studied, although the synaptic changes underlying age-related memory deficits have been 39 investigated in detail [13, 14] . Recently, however, it was shown that there is an age-related 40 decline in transmission at a single synapse in the giant fiber (GF) escape circuit, which can be 41 mitigated by reduced insulin signaling [15] .
43
The core of the GF circuit is a pair of "giant" interneurons, which descend from the brain 44 to the thorax where they form mixed electrical/cholinergic output synapses with the motorneuron 45 of the tergotrochanteral "jump" muscle (TTM), and with an interneuron that contacts the dorsal 46 longitudinal flight muscle (DLM) motorneuron [16] [17] [18] [19] [20] [21] (Fig 1) . It is the former of these output synapses that declines in efficacy with age [15] . An action potential in the GF is evoked by a 48 combination of fast visual looming [22] [23] [24] and air movement [25, 26] , and subsequently elicits a 49 somewhat uncoordinated escape jump. Rapid air movements (and sound) are detected by a 50 subpopulation of antennal mechanosensory neurons in the Johnston's Organ (JO), the 51 Drosophila analog of the mammalian inner ear [27] and, within the brain, these JONs form 52 mixed electrical/chemical synapses onto the anterior GF dendrite [28] [29] [30] [31] . viewed from dorsal. In the brain, the GF receives synaptic inputs onto its dendritic 57 branches from the mechanosensory JONs and from polysynaptic visual pathways (LNs:
73 from the JONs perhaps also declines with age. There is a brief report that the amplitude of 74 synaptic currents of auditory neurons recorded in the GF declines shortly after the adult hatches 75 [30] , but this has not been pursued further.
77
In our previous studies we developed a way to measure simultaneously the amplitude of 78 the compound JON action potentials and, albeit indirectly, the strength of the auditory neuron -
79
GF synapse [28, 29] . Here we describe a more direct assay that involves monitoring GF 80 excitability via the neck connective, which allows long-term recording of GF responses to sound.
81
We then use this technique to quantify the strength of the antennal response to sound, and of 82 the auditory neuron -GF synapse, in males and female of different ages. We find that in both 83 sexes the response to sound increases somewhat at around the time when mating is taking Flies were briefly chilled at 4°C before mounting on a microscope slide with dental wax 100 by immobilizing the legs, then pushing up a wall of wax on each side of the fly and immobilizing 101 the wings. A short piece of human knuckle hair was used on each side to push forward the head 102 slightly so that the neck was visible (Fig 2) . The fly was transferred to a platform under a 103 dissecting microscope (see [36] ) and a grounding electrode was inserted into the abdomen. All 104 electrodes were made from electrolytically sharpened tungsten wire [32, 37] . Six additional 105 tungsten electrodes, mounted on miniature Narishige micromanipulators, were subsequently 106 inserted in the sequence, and positions, illustrated in Fig 2. The first stimulation electrode,
107
connected to the positive output of the SIU5 Isolation Unit of a S48 stimulator (Grass Technologies, RI, USA) was inserted shallowly in the right eye, then the second was inserted in 109 the left eye. Together, the stimulation electrodes were moved anteriorly so that the neck was 110 held in a slightly stretched position, exposing the anterior of the antepronotum (Fig 2) . The third, Fig 2) . The left antennal arista was immobilized with a drop of high-vacuum grease.
119
Preparations were discarded if the right antennal pedicel and arista were not able to move freely 120 in response to a light buccal puff of air. Experiments were carried at the laboratory temperature The signals were amplified x10000 using a differential AC 1700 amplifier (A-M Systems,
144
WA USA) and a Brownlee Precision 210A (Brownlee Precision Co., CA USA) amplifier, 145 bandpass filtered between 10 Hz and 20 kHz, notch-filtered at 60 Hz, digitized with an Axon to the "Dickinson wild-caught" animals used in an earlier study [30] . The amplitude of the 207 (negative) SEP peak increased with sound intensity to reach peak amplitude by intensity 30-50 208 (105 dB, equivalent to about 6 x 10 -3 m/s) ( Fig 3B) , with a latency of about 1.8 ms.
Approximately 1.5 ms of this latency is due to the 50 cm length of the air delivery tube (speed of 210 sound 34 cm/ms).
212
Variability of the maximum SEP amplitude was quite high between individual animals; for Half-maximal sound responses were measured from the antennal nerve for male and 245 female Canton-S animals at different ages (in days): 1, 10, 20, 30, and 50 (Fig 4) . At no age 246 was there any significant difference between males and females, so these data were combined.
247
There was a significant 40% decrease in the mean half-maximal antennal sound response (i.e.
248
an increase in sensitivity) from 6.90 ± 0.63 to 4.16 ± 0.42 between 1 and 10 d (Fig 4) . Between It has been reported in passing that the amplitude of synaptic currents of auditory 
297
Using the electrode placement shown in Fig 2, we were able to detect a small downward 298 signal at about 4.5 ms after near-threshold stimuli across the eyes (Fig 5A) . Excitatory visual 299 input to the lateral dendrites of the GF is provided mainly by 55 lobular columnar type 4 (LC4) 300 and 108 lobular plate/lobular columnar type 2 (LPLC2) neurons which, in turn, receive inputs 301 from the medulla [24, 54, 55] . This small signal may represent the activity of some or all of those 302 presynaptic lobular neurons, although these are apparently non-spiking [55] . With slightly larger, 303 suprathreshold, stimuli a stereotyped biphasic signal was observed ( Fig 5B) . In 1-day-old 304 animals (males and females) this signal was 0.22 ± 0.10 mV peak-to-peak amplitude and 0.64 ± 305 0.06 ms peak-to-peak duration, with a stimulus threshold of 2.71 ± 0.17 V (N = 19) . These 306 parameters did not change with age, although threshold decreased slightly at 10 d (2.37 ± 0.07 307 V, N = 12), and was higher again at 30 d (2.86 ± 0.15 V, N = 12). The biphasic signal we 308 observe is consistent with it being the approximate differential of the intracellular action 309 potential, with the negative portion representing the current from the rising phase and the 310 positive part the falling phase [56] . The duration of a single GF action potential elicited by trans-311 ocular stimulation and recorded intracellularly from the connective near the thorax is reportedly 0.40 ± 0.06 ms [57] , see also [58] , and approximately 1 ms when evoked by optogenetic 313 activation of LC4 lobular neurons and recorded from the soma [24] . In addition, long duration 314 (50 ms) Ca 2+ -mediated action potentials can be elicited by somatic stimulation of GF [22, 32] , but 315 their physiological relevance is unclear and we did not observe them in our experiments. An alternative possibility that can be discarded is that the delay between the negative 332 and positive phases of the GF action potential reflects the time that it takes to travel between 333 the two electrodes. This is unlikely because the maximum transmission delay between direct 334 stimulation of the GF and excitation of the TTMn is 0.52 ms in immature GFs [51] , and the 335 distance between our electrodes is less than one quarter of that between brain and the GF-
336
TTMn synapse. The two GFs are electrically coupled together [19] and thus thought to fire 337 synchronously -this may account for the somewhat longer duration of the extracellular signal (0.64 versus 0.40 ms) that we observe. As a final confirmation of its identity, targeted genetic 339 ablation of the GFs by driving diphtheria toxin [59] with R68A06-GAL4 [60,61] removed the 340 characteristic biphasic action potential signal from connective recordings ( Fig 5D) . In these 341 animals (N = 3) it appeared that the small subthreshold signal remained, indicating that it did not 342 originate in the GF itself (see above).
344 345
Responses of the GF to sound 346 As before [28, 29] we used a subthreshold stimulus of the visual circuits to summate with 347 antennal nerve auditory input and bring the GF to threshold, since it will not spike in response to 348 the latter alone. In has been shown that strong optogenetic stimulation of the presynaptic LC4 349 neurons is sufficient to evoke a GF action potential [24] so it is likely that our current pulse 350 indirectly stimulates these, and other, lobular neurons. Using a stimulus delay of 1 ms (Fig 6A) ,
351
the voltage was adjusted until the GF spiked in approximately 50% of the trials ("threshold"),
352
then decreased in 0.05 V increments until GF spike probability was 1/20 or less. The stimulus 353 delay was then increased to approximately 9 ms so that the connective response was 354 synchronous with the antennal nerve SEP, and the probability of GF spiking was again 355 measured over 20 trials (Fig 6B) . During the course of an experiment, stimulus delays of 7.5 to 356 10 ms were assayed in 0.5 ms steps to find the most effective for stimulating the GF. Generally
357
for large amplitude SEPs a stimulus delay of 8.0 -8.5 ms was optimal, whereas for low-intensity 358 sounds and the resulting slightly delayed SEPs (see above) a 9.5 -10.0 delay was required. 
365
(B) The same preparation with the stimulus synchronized to the sound pulse. Less than 366 1 ms after the SEP, there is a characteristic biphasic GF spike in 19 of the 20 traces 367 (arrow), followed by large potentials from unidentified neuronal and muscular activity.
368
Some of this later activity is also present in the antennal nerve trace (asterisk). (C) A 369 single trace from a different preparation with no sound stimulus, illustrating how the GF 370 action potential (arrow) is immediately followed by a depolarization in the antennal nerve
371
(asterisk) and a twitch of the antenna, which then results in a SEP-like response even 372 when there is no sound. The stimulus artifacts in the antennal traces have been 373 truncated for clarity.
375 376
In addition to the small negative connective response to subthreshold stimuli, we also 377 observed a small connective response to sound ("b" in Fig. 6A ). The latter lagged behind the 378 antennal SEP by approximately 0.5 ms, and increased linearly with the percentage SEP 379 amplitude. This small connective SEP reached a maximum of about 0.01 -0.02 mV. One
380
intriguing early possibility was that it represented a subthreshold response to sound in the GF 381 itself, however, it was still visible in tub-GAL80 ts /+; UAS-DTI/R68A06-GAL4 animals, suggesting 382 that this is not the case. The small connective SEP ("b" in Fig. 6A ) most likely represents a 383 greatly attenuated signal from the antennal nerve spiking activity, since one connective 384 electrode is positioned more anteriorly than the other allowing for a differential antennal signal.
385
The fact that it also echoes the multi-peaked antennal response to a tone stimulus (S2 Fig A) 386 supports this idea.
387 6B). One of these also coincided with an additional non-SEP spike in the antennal recording,
391
which correlated with a visible backwards twitch of the antenna (S3 Video). In the complete 392 absence of sound, a suprathreshold stimulus of GF also elicited this antennal twitch, which in 393 turn was sufficient to stimulate the JONs and produce an 'illusory SEP' (Fig 6 C) . Two opposing 394 antennal muscles move each scape-pedicel joint in response to visual motion [62] , but it has not 395 been previously reported that these are activated directly or indirectly by the GF.
397
The JO input to the GF does not change with age 398
Using the method described above, an input-output curve was constructed for each GF, 399 measuring the probability of its spiking in response to normalized SEPs of different amplitudes 400 ( Fig 7A) . Both sexes were used, with ages of 1, 10, 20, 30 and 50 d, however, males and 401 females were not significantly different and so their data were grouped together. From each 402 curve we obtained the normalized SEP amplitude that resulted in a 50% GF spike probability.
403
These data are shown in Fig 7B, which shows that the JON-GF synaptic connection was quite 404 variable in strength at all ages, with synapses that gave 50% GF spiking probability at 405 normalized SEP amplitudes ranging from 0.13 to 0.58. There were thus no significant changes 406 in the strength of the JON-GF synaptic connection with age. In addition, we plotted the sound 407 intensity that resulted in a 50% GF spiking probability ( Fig 7C) ; these distributions are 408 somewhat similar to those in Fig 4, 
447
Unitary PSPs of approximately 0.5 -1 mV can be recorded from the GF cell body and 448 represent mechanosensory input from spontaneous JON action potentials [24, 30, 53, 54 ]. An 449 upper limit of 145 for the number of JONs providing auditory input to the GF has been provided
450
[30], although the actual recordings shown in that paper indicate that this could be an 451 overestimate by a factor of 10. We have previously determined the number of JO-A JON axons 452 that cluster around the GF anterior dendrite, and that are electrically coupled to it, is 12-13 [28],
453
although some few JO-B axons may also form additional chemical contacts (of uncertain 454 functionality) with that dendrite's side branches [63] . Our estimates of maximal JON PSP 455 amplitude are thus consistent with these estimates (13 x 0.5 mV unitary PSPs).
457
There is a concern that our conclusions regarding the input-output relationship of the 458 synapse will also be affected by the unavoidably indirect nature of the presynaptic activity 459 measurement. The compound field potential that makes up the SEP is the result of summation 460 of all the action potentials from JONs that are firing in synchrony in response to the sound. This arise if the sound-responsive JONs only made a minor contribution to the total SEP amplitude. by NIMHD MD007600 (RCMI). We thank Andrew Seeds and Katja Brückner for donating fly 507 stocks, and Carihann Dominicci for the loan of the microscope phone mount. Stocks obtained 508 from the Bloomington Drosophila Stock Center (NIH P40OD018537) were used in this study.
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